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INTRODUCTION
Accurate evaluation of antivascular tumor therapy requires a detailed assessment of the induced vascular changes (1) . Dynamic contrast-enhanced MRI (DCE-MRI) has been widely employed for characterization of tumor microvasculature (2) and evaluation of antivascular therapies (3) (4) (5) . Tracer-kinetic modeling of DCE-MRI data can be applied to identify vascular biomarkers that could be used for accurate treatment assessment and optimization (6) (7) (8) . The most commonly applied pharmacokinetic models that have been used in the evaluation of antivascular tumor therapies are the standard and extended Tofts models (9, 10) . One of the parameters that can be determined with these models is the transfer constant K trans , which is influenced by tumor blood flow, microvascular surface area, and capillary permeability (11) . In many of the clinical trials of antivascular agents in which DCE-MRI has been used for treatment evaluation, a reduction in K trans has been reported as evidence for drug efficacy (5) (6) (7) . This reduction may be associated with a decrease in blood flow and/or microvascular permeability, but these parameters cannot be separately resolved because the interpretation of K trans is dependent on the perfusion regime of the tumor (11) . Separate determination of blood flow and microvascular permeability would be of great value. Vascular targeting agents, aimed at destruction of the existing tumor vasculature, can induce an early increase in microvascular permeability and subsequent reduction in blood flow, having counteracting effects on K trans (12, 13) . Furthermore, antiangiogenic therapy may induce (transient) blood vessel normalization, resulting in alterations in multiple vascular parameters (14, 15) . The ability to noninvasively identify the different vascular alterations induced by antivascular therapy may provide an improved understanding of the mechanisms of drug action and aid in accurate assessment and optimization of antivascular therapies.
Different strategies have been suggested to improve the precision with which these vascular alterations may be characterized. More advanced tracer-kinetic models have been developed that facilitate separate assessment of blood flow, capillary transit time, vascular heterogeneity, microvascular permeability, and blood volume (16) (17) (18) . However, application of these models is limited due to the more stringent requirements on data acquisition (18) (19) (20) . It has been proposed that the use of macromolecular contrast agents may facilitate better assessment of specific tracer-kinetic parameters; low molecular weight contrast agents have high transendothelial diffusion and are therefore more sensitive to blood flow changes, whereas the limited transendothelial diffusion and long intravascular half-life of macromolecular agents make them more sensitive to permeability and blood volume changes (21, 22) . Several studies have shown that combining low molecular weight contrast agents with macromolecular contrast agents can facilitate improved assessment of tracer-kinetic parameters and changes therein after treatment (23) (24) (25) (26) (27) (28) . In most of these studies, DCE-MRI with the various contrast agents was performed in separate animals or at different experimental time points, whereas others have shown that contrast agents of various molecular weight can be combined in one imaging protocol (29) (30) (31) (32) (33) . In these studies, often the different boluses were separately analyzed, and accurate assessment of the diverse vascular changes induced by antivascular therapies could benefit from modeling contrast agent uptake in more detail.
Therefore, the aim of the present study was to develop a novel tracer-kinetic modeling approach that facilitates separate estimation of the parameters characterizing blood flow and microvascular permeability within one individual. A multi-agent DCE-MRI approach was developed in which contrast agents of various molecular weights were sequentially injected under identical circumstances within one imaging session (34) . A novel tracer-kinetic modeling strategy for multi-agent DCE-MRI was developed in which a number of tracer-kinetic parameters were constrained to be identical between the different agents based on physiological grounds, while other parameters were separately determined for each contrast agent bolus. The performance of the multi-agent tracer-kinetic modeling approach was demonstrated with simulations, and the method was applied in vivo in a mouse tumor model. It is hypothesized that this approach, based on simultaneous fitting of the multiagent data, is suitable to robustly assess the tumor vascular status, and it is expected that the presented method can be applied to accurately evaluate treatment effects on different vascular biomarkers.
METHODS

Tracer-Kinetic Modeling
Our multi-agent tracer-kinetic modeling approach was based on the gamma capillary transit time (GCTT) model (35) . This model can be expressed as:
where C t (t) is the measured total tissue contrast agent concentration, R v (t) is the vascular impulse response function, R p (t) is the parenchymal impulse response function, C a (t) is the contrast agent concentration in the arterial blood, and F is the blood flow. The asterisk represents the convolution operator. For the GCTT model, the vascular and parenchymal impulse response functions are described by the following equations:
where D(u) is the distribution of capillary transit times, E is the extraction fraction, and k ep is the washout rate constant. In the GCTT model, the transit time distribution is described by a gamma distribution on the mean capillary transit time (t c ) and capillary transit time heterogeneity (s c ): ) (36, 37) .
Constrained Multi-agent Tracer-Kinetic Modeling
The multi-agent modeling approach is based on the assumption that a number of tracer-kinetic parameters can be constrained to be identical between the different boluses based on physiological grounds. For N different contrast agent boluses, the unconstrained GCTT model is defined by a total number of 6N free parameters. However, the cardiac output and tumor hemodynamics are relatively constant over the time-scale of the multi-agent DCE-MRI experiment and therefore the blood flow, mean capillary transit time, capillary transit time dispersion, and delay time are not expected to be significantly different between the different contrast agent boluses. When these parameters are constrained to be identical between the sequentially injected boluses, the number of free parameters in the multi-agent modeling is reduced to 6 þ 2(N À 1). Only the extraction fractions and washout rate constants (which are dependent on the molecular dimensions of the contrast agents) are now varied between the different contrast agent boluses. Initial modeling revealed large uncertainty in estimates of the vascular heterogeneity index (a À1 ) for these data, so this parameter was fixed to a value of 1, which is appropriate for tumor tissues where vascular heterogeneity is known to be large, as is typical in malignant tumors (38) .
Bootstrapping Initialization of the Nonlinear Optimization Algorithm
Bootstrapping initialization was applied to minimize the chance of becoming trapped in a local minimum during model regression; initial parameter values for the extended Tofts model were determined by using a fast linearized tracer-kinetic modeling algorithm. The limiting mathematical relationship between the extended Tofts model and GCTT model for lim tc!1 and lim sc!0 was then used to obtain initial parameter estimates for the GCTT model. Subsequently, nonlinear regression was performed separately for each bolus injection by sequential fitting of the individual boluses using the "lsqcurvefit" function in MATLAB (MathWorks, Natick, Massachusetts, USA). Constrained parameters were then initialized by taking the median of the estimates obtained from the separate fits of the different injections. Unconstrained parameters were directly initialized from the unconstrained regressions. All parameters were constrained to be positive in the model regressions.
Simulations
Monte Carlo simulations were performed to investigate the performance of the constrained multi-agent model. In vivo DCE-MRI data were acquired from a human glioblastoma patient with a temporal resolution of 3.2 s per frame and a standard bolus injection of a low molecular weight contrast agent (gadobenate dimeglumine, Multihance, 0.1 mmol/kg) (35, 38) . Precontrast T 1 values were determined with a variable flip angle approach (39) . Measured signal changes were converted to contrast agent concentration (40) , the arterial input function (AIF) was determined using a blind estimation algorithm (41, 42) , and the DCE-MRI data were fit with the GCTT model (35) . Model parameters that were selected from a region of interest (ROI) placed in a relatively homogeneous, enhancing tumor region were averaged to obtain the following simulated tissue uptake curve parameters: F ¼ 0.256 min À1 , v e ¼ 0.570, t c ¼ 15.5 s, and a À1 ¼ 0.5 (v b ¼ 0.066). A multi-agent experiment was subsequently simulated as follows: three contrast agent injections were simulated, starting with high molecular weight (HMW, E ¼ 0.05), followed by medium molecular weight (MMW, E ¼ 0.27) and finally low molecular weight (LMW, E ¼ 0.54), determined as above from the measured data. Contrast agent injections were spaced by 6 min, with 30 s of baseline acquisition prior to injection of the first agent. Gaussian noise with a standard deviation of 0.04 mM (equal to the noise level in the original human study, which corresponds to a signal-to-noise ratio of approximately 7) was added to generate 1000 random realizations of the tissue contrast agent uptake curve. Each realization was fit with the constrained model, simultaneously fitting all three superimposed uptake curves. Individual uptake curves for each agent were also fit separately with the unconstrained model. Estimated model parameters were subsequently compared with the known starting values to determine the bias and uncertainty in the estimated parameters for both the constrained and the unconstrained modeling approach.
Contrast Agents for In Vivo Multi-agent DCE-MRI
Multi-agent experiments in tumor-bearing mice were performed with contrast agents with a range of molecular weights but an equal composition. Modified poly(propylene imine) (PPI) dendrimers, functionalized with Gd-DOTA moieties through a polyethylene glycol (PEG) spacer (Fig. 1) , were synthesized by SyMO-Chem BV (Eindhoven, Netherlands). An intermediate molecular weight dendrimer of generation 2 [G2-PPI-(PEG 6 -GdDOTA) 8 ], high molecular weight dendrimer of generation 5 [G5-PPI-(PEG 6 -GdDOTA) 64 ], and low molecular weight agent gadoterate meglumine (Gd-DOTA, Dotarem, Guerbet, Villepente, France) were used in the in vivo multi-agent experiments. Synthesis of the dendrimers according to their theoretical structure was confirmed using 1 H-NMR (prior to Gd complexation). Additional information on synthesis and further characterization of the dendrimers (after Gd complexation), including gel permeation chromatography, dynamic light scattering, and inductively coupled plasma-atomic emission spectrometry, is given in Supporting Information 1. The molecular weight, diameter, and plasma relaxivity measured at 7T at 37 C of the contrast agents are listed in Table 1 . For the in vivo multi-agent experiments, an infusion line was filled with equal volumes of the generation 5 (G5) and generation 2 (G2) dendrimer and gadoterate meglumine (at a concentration of 125 mM Gd, $0.1 mmol Gd/kg), separated by equal volumes of saline. A small air bubble between all volumes prevented mixing of the different solutions.
Ethics Statement
All animal experiments were performed according to 
In Vivo Multi-agent DCE-MRI in Tumor-Bearing Mice
Multi-agent DCE-MRI experiments were performed on a 7T Bruker BioSpec 70/30 USR equipped with a 1H 59/35 (outer/inner diameter in mm) circular polarized MRI transceiver volume coil. All mice underwent MRI three times with 2 days of recovery in between to investigate whether differences in extraction fraction and washout rate constant between the agents can consistently be observed. For the MRI measurements, mice were anesthetized with isoflurane (3% for induction, 1%-2% for maintenance) in medical air (flow rate of 0.4 L/min). During the measurements, mice were positioned in a custom-made cradle, equipped with a mask for anesthetic gas. Respiration rate was monitored with a balloon sensor, and body temperature was monitored and maintained with a warm water pad. To minimize susceptibility artifacts at air-tissue interfaces, the tumor was covered with a small layer of degassed ultrasound gel (Aquasonic 100; Parker Laboratories, Fairfield, New Jersey, USA), and artifacts were further reduced by local shimming of the tumor-bearing paw.
A three-dimensional T 2 -weighted (effective echo time [TE] ¼ 34 ms) turbo rapid acquisition with relaxation enhancement (RARE) acquisition was performed for anatomical reference. B 1 mapping was performed based on the 180 signal-null method (43 (39, 44, 45) . T 1 values were determined using a DESPOT1 (driven equilibrium single-pulse observation of T 1 ) analysis (39) . For the multi-agent DCE-MRI measurements, a gradient-spoiled (5 ms duration) and radiofrequencyspoiled three-dimensional fast low-angle shot sequence (covering the tumor) was applied using the following sequence parameters: TR ¼ 2. tions were performed at 2 (G5 dendrimer), 17 (G2 dendrimer), and 32 (gadoterate meglumine) min after the start of the acquisition, using an infusion pump (Chemyx Fusion 100, Stafford, Texas, USA) at a rate of 2 mL/min. B 1 -corrected DR 1 (¼1/DT 1 ) values were calculated on a pixel-by-pixel basis based on the standard signal equation for a spoiled gradient echo sequence (40) using the precontrast T 1 values and the postcontrast dynamic signal intensities. Regions of interest delineating the tumor tissue were manually drawn on the anatomic images.
In Vivo Multi-agent Modeling
AIFs composed of one bolus for each of the three injected agents were determined for each agent separately using the Monte Carlo Blind Estimation (MCBE) algorithm applied to the DR 1 curves of enhancing tumor voxels (41, 42) . Each individual bolus within the AIF was modeled by a gamma-variate function with recirculation and a sigmoid representing contrast at quasi-equilibrium in the blood pool (41) . During the blind AIF estimation, tissue curves were modeled using the GCTT model with vascular heterogeneity index (a À1 ) fixed to a value of 1. The algorithm was initialized using a population averaged AIF from previous measurements made in the left ventricular lumen of mice that were injected with gadopentetic acid with a similar injection protocol (46) . MCBE estimation of the AIF of the first injected agent (G5 dendrimer) was performed by truncating the tissue curves before injection of the second agent (G2 dendrimer). The resulting AIF for the G5 dendrimer bolus was then used to generate model curve fits to the tissue curves, and these fits were subtracted from the measured tissue data to remove the effect of uptake of G5 dendrimer. This procedure was then repeated for the G2 dendrimer and gadoterate meglumine injections to provide separate AIF estimates for each agent. Differences in relaxivities between the different agents were compensated by rescaling each bolus to an equivalent dose of gadoterate meglumine using measured relaxivities for the different agents. Exemplary AIFs of the dendrimers and gadoterate, as determined with the MCBE algorithm, are shown in Supporting Information 3. The tracer-kinetic model described by Equation [1] is invariant under the simultaneous transformation C p ðtÞ ! gC p ðtÞ, F ! F=g and v b ! v b =g for any scalar value of g (41) . Therefore, the global AIF scale factor g remains indeterminate, as is common for blind AIF estimation methods. This scale factor could be obtained from a secondary reference measurement of the true contrast agent concentration in the blood, which has not been employed in the present The molecular weight is the theoretical molecular weight of the different contrast agents. The hydrodynamic diameter and distribution widths of the dendrimers were determined in PBS of pH 7.4 (Supporting Information 1).
a
The diameter of gadoterate meglumine was obtained from Corot et al. (61) . The longitudinal (r 1 ) and transverse (r 2 ) relaxivities of the agents were measured in Balb/c mouse plasma at 7T at 37 C.
study. As a result, absolute values for F and v b could not be derived, and these parameter estimates are scaled by the amplitude of the initial population-averaged AIF provided to the MCBE algorithm as a starting guess. Multi-agent data were simultaneously fit with the GCTT model with vascular heterogeneity index (a À1 ) fixed to a value of 1. Blood flow (F), mean capillary transit time (t c ), and bolus arrival time (t d ) were constrained to be identical between the different boluses, while extraction fractions (E) and washout rate constants (k ep ) were separately determined for each contrast agent. Blood volume fractions (v b ) were calculated by F * t c . Median pharmacokinetic parameters were calculated in all tumor pixels with statistically significant blood flow and low uncertainty in blood flow, relative to the estimated blood flow value. Median tumor parameter values for each measurement day were determined by taking the median of the median parameter values of all perfused tumor pixels of all mice.
Statistics
Data are reported as median 6 median absolute deviation of the five mice for each measurement day. Differences in the perfused tumor fraction and the constrained tracer-kinetic parameters blood flow and mean capillary transit time between the different measurement days were statistically analyzed using repeated-measures analysis of variance. Differences in the tracer-kinetic parameters extraction fraction and washout rate constant between measurement days and between the different contrast agents were analyzed using mixed-model repeated-measures analysis of variance with a post hoc Games-Howell test, with the time point as the withinsubjects factor and the contrast agent as the between subject factor. The level of statistical significance was set at a ¼ 0.05.
RESULTS
Simulations
Simulated data for LMW, MMW, and HMW contrast agents are shown in Figure 2 . Regressions with the unconstrained model are shown in the upper three panels, and the constrained multi-agent regressions are shown in the bottom panel. The simulated data demonstrate differences in the enhancement pattern, dependent on the molecular weight of the contrast agents, and the multi-agent regressions are observed to fit the simulated data well. Box plots of the results from the Monte Carlo simulations of the multi-agent and single-bolus modeling are shown in Figure 3 , in which the estimated model parameters are compared with the known true parameter values. The median parameter estimates from the multiagent modeling were consistently closer to the true parameter values compared with the single-bolus modeling approach. In addition, the bias and uncertainty in estimated tracer-kinetic parameters were consistently lower for the multi-agent data than for the single-bolus data. With the exception of v e , the LMW contrast agent data were associated with the largest bias and uncertainty in the estimated tracer-kinetic parameters.
In Vivo Multi-agent Measurements and Modeling
Contrast enhancement in the tumor after injection of the different contrast agents is shown in Figure 4 . An increase in signal intensity could be observed 1 min after injection of the G5 dendrimer (1 min post G5), especially in the well-vascularized tumor rim. In addition, some enhancement was visible in the tumor center. After injection of the G2 dendrimer (1 min post G2), a further increase in signal intensity was visible in most of the tumor area. Injection of gadoterate (1 min post gadoterate) resulted in further contrast enhancement, with a diffuse enhancement pattern throughout the tumor tissue. A small tumor region was characterized by an apparent lack of contrast enhancement.
Representative multi-agent DCE curves, measured in single pixels in different locations within the tumor, are depicted in Figure 5 . Figure 5A shows the multi-agent data from a single pixel in the tumor rim. A pronounced increase in DR 1 could be observed upon injection of the different contrast agents. Enhancement curves were welldefined, and a distinct enhancement pattern was visible after injection of the different agents. Contrast enhancement after injection of the G5 dendrimer was characterized by a step-wise increase in DR 1 , after which the DR 1 remained relatively constant. A less steep upslope and a more pronounced washout phase were observed after injection of the G2 dendrimer. After injection of gadoterate, a rapid increase in DR 1 was followed by a rapid decrease afterward due to contrast agent washout. These differences in enhancement pattern were reflected by the different pharmacokinetic parameter estimates for the different agents (Fig. 5) . Figure 5B shows representative data from a pixel in the tumor center. Whereas contrast enhancement was generally lower in this pixel, similar differences in enhancement pattern between the different agents could be observed. Contrast enhancement in a pixel in a relatively poorly perfused tumor region is depicted in Figure 5C . While only minor signal enhancement was visible, the different contrast agent boluses could still be discriminated. Figure 6 shows representative pharmacokinetic parameter maps in the same slice shown in Figure 4 . Pharmacokinetic parameters that were constrained to be identical between the different boluses are shown on the left side of the figure. In agreement with the level of contrast enhancement as shown in Figure 4 , both the blood flow and blood volume were higher in the tumor rim than in the tumor center. In addition, a small region with a lack of contrast enhancement could be observed where the blood flow and volume were low. On the right side of the figure, the contrast agent-specific pharmacokinetic parameters are displayed. In the upper panels, it can be seen that for the high molecular weight G5 dendrimer, the extraction fraction was low throughout the tumor. The medium molecular weight G2 dendrimer possessed intermediate extraction fractions, while the highest extractions were observed for the low molecular Figure 4 and the multi-agent fits through the data. The location of the different pixels is indicated by red dots, overlaid on the contrast-enhanced image at 45 minutes after the first contrast agent injection. The measured data are indicated by black dots, and the multi-agent regressions are indicated by red lines. The moment of injection of the G5 and G2 dendrimer and gadoterate is indicated with black arrows. One pixel in the tumor rim (A), one pixel in the tumor center (B), and one pixel in a relatively poorly perfused region of the tumor (C) were selected. Estimated parameters for the pixel in the tumor rim (A) were:
. Estimated parameters for the pixel in the tumor center (B) were:
. Estimated parameters for the pixel in the relatively poorly perfused region (C) were: F ¼ 0.13 min
. Whereas F is scaled by the amplitude of the initial population-averaged AIF provided to the MCBE algorithm and absolute values of F are dependent on the global scaling factor of the AIF, relative differences in F between the curves can be directly compared. Note that if k ep is estimated to be equal to zero, it is not possible to provide an estimate for v e . Similarly, if E is estimated to be equal to 1, PS cannot be determined. weight gadoterate. Washout rate constants were also lowest and close to zero for the G5 dendrimer. Washout rate constants of the G2 dendrimer and gadoterate were higher, and washout rate constant maps of these contrast agents were very similar. The median perfused tumor fraction at the different measurement days is shown in Figure 7A . At measurement day 1, nearly all of the tumor tissue was well perfused. However, a significant decrease in perfused tumor fraction was observed at measurement day 3 (P ¼ 0.01). No significant differences in median tumor blood flow (Fig. 7B) or capillary transit time (Fig. 7C) in the perfused pixels were observed between the different measurement days.
The median parameter values of the contrast agentspecific pharmacokinetic parameters extraction fraction and washout rate constant are shown in Figure 8 . The extraction fraction of gadoterate was consistently and significantly higher than that of both the G2 (P ¼ 0.002) and G5 dendrimer (P ¼ 0.001) (Fig. 8A) , which was a main effect of the contrast agent on the extraction fraction. No significant difference was observed between the extraction fractions of the G2 and G5 dendrimers (P ¼ 0.172), although the extraction fraction of the G2 dendrimer was
Median perfused tumor fraction and constrained parameter estimates. Median 6 median absolute deviation perfused tumor fraction (A), blood flow (B), and mean capillary transit time (C) of the five mice at the different measurement days. Whereas the blood flow is scaled by the amplitude of the initial population-averaged AIF provided to the MCBE algorithm, and its absolute value is dependent on the global scaling factor of the AIF, differences in blood flow between the measurement days can be compared directly. # P < 0.05 between measurement day 1 and measurement day 3.
FIG. 8. Median extraction fraction and washout rate constant of the different contrast agents.The median 6 median absolute deviation extraction fraction (A) and washout rate constant (B) of the five mice at the different measurement days are shown. The estimated parameter values for the G5 dendrimer, G2 dendrimer, and gadoterate are indicated by dark gray bars, light gray bars, and white bars, respectively. ### P < 0.001 between measurement day 2 and measurement day 3. *P < 0.05, **P < 0.01, ***P < 0.001 between the different contrast agents. consistently higher on all measurement days. A significant general decrease in extraction fractions was observed between measurement day 2 and 3 (P ¼ 0.0005). The washout rate constants of both the G2 dendrimer (P ¼ 0.017) and gadoterate (P ¼ 0.025) were consistently and significantly higher than those of the G5 dendrimer, of which the rate constants were essentially zero, as would be expected for a largely intravascular agent with slow elimination kinetics. This was a main effect of the contrast agent on the washout rate constant. No significant differences were observed between the washout rate constants of the G2 dendrimer and gadoterate.
DISCUSSION
In the present study, a novel multi-agent tracer-kinetic modeling strategy has been demonstrated, allowing blood flow and microvascular permeability to be simultaneously and self-consistently determined within one individual. The use of macromolecular contrast agents for better assessment of specific vascular biomarkers has been proposed previously, and sequential injection of multiple contrast agents has been reported. However, in these studies, injection of the different contrast agents was generally performed in separate animals or tracerkinetic modeling was performed on the individual boluses. In the present study, constrained tracer-kinetic modeling was performed simultaneously on the multiagent DCE-MRI data. This approach exploits the combined information of the different agents and takes advantage of the fact that a number of parameters can be constrained to be identical between the agents (based on physiological grounds) to obtain robust tracer-kinetic parameter estimates.
Monte Carlo simulations demonstrated superior accuracy and precision in determination of model parameters when using the multi-agent modeling approach relative to separate modeling of individual boluses. The better performance can be partly explained by the fact that a number of tracer-kinetic parameters were constrained to be identical between the boluses for the multi-agent approach. This will improve the modeling outcome because of the decrease in degrees of freedom in the model regressions (47) . In addition, the multi-agent approach exploits the added information from measurement of uptake kinetics of contrast agents of different size. Compared with the HMW and MMW agents, the LMW agent consistently had the highest bias and uncertainty in estimated parameters, except for the estimates of v e . Accurate determination of v e requires sufficient sampling of contrast agent extravasation to the interstitial space and subsequent washout. For short measurement times, both the extraction of the HMW agent into the interstitial space and subsequent washout are limited (21) , which results in a high uncertainty in estimated v e values. This problem can potentially be overcome by increasing the measurement times, although undesirably long measurement times are needed to fully sample washout of the HMW agents. Nevertheless, the lowest bias and uncertainty in estimations of v e were obtained with the multi-agent approach, which further demonstrates its potential in comparison with single-bolus tracer-kinetic modeling.
The feasibility of the constrained multi-agent modeling approach was shown in vivo in a mouse tumor model. Multi-agent DCE-MRI was performed with dendrimerbased contrast agents and gadoterate, which provided a large range of molecular weights. The advantage of the dendrimers over commercially available macromolecular agents is that the size of the agents can be tuned, while the chemical composition of the agents is similar (48) . Similar physiochemical properties between different agents are advantageous for multi-agent DCE-MRI, since this will minimize differences in in vivo characteristics.
Nonperfused tumor regions were excluded from tracerkinetic analysis, since measurable blood flow is required to reliably estimate the different pharmacokinetic parameters. These nonperfused regions were assessed based on the level of signal enhancement after injection of the G5 dendrimer. Because the extraction fraction of the G5 dendrimer is low, significant signal enhancement after injection of this dendrimer is indicative of relevant blood flow in this area. Whereas contrast enhancement after injection of the G5 dendrimer was most pronounced in the highly vascular tumor rim, significant contrast enhancement could also be observed throughout the tumor (Fig. 4) . Only small nonperfused fractions were observed on measurement day 1, which slightly increased on measurement day 2 and 3, likely due to natural tumor necrosis as a result of tumor growth. Therefore, multi-agent modeling could be reliably performed in the major part of the tumor.
Clear differences in contrast-enhancement in the tumor (Fig. 4) and the enhancement pattern (Fig. 5 ) could be observed after injection of the differently sized contrast agents. These differences in enhancement pattern translated to different tracer-kinetic parameter estimates (Fig.  8) . The difference in extraction fractions between the contrast agents (Fig. 8A) shows that these agents extravasate to a different extent from the tumor vasculature into the interstitial space. Gadoterate possessed a significantly higher extraction fraction compared with the G2 and G5 dendrimers, which likely have a more intravascular distribution. This is in agreement with findings by de Lussanet et al. (21) , who reported a molecular weight cutoff between 3000 and 12,000 Da, above which dendrimers possessed a mostly intravascular distribution. No significant differences were observed between the extraction fractions of the G2 and G5 dendrimers. Nevertheless, the extraction fractions of the dendrimers used in the present study were in close agreement with findings reported by Michoux et al. (49) in a rat tumor model. They assessed differences in extraction fractions of contrast agents with very similar molecular weights as used in the present study with the St Lawrence and Lee model and measured an extraction fraction of 0.51 6 0.17 for gadoterate meglumine (754 Da), 0.36 6 0.07 for gadomelitol (P792, Vistarem, 6470 Da), and 0.23 6 0.10 for carboxymethyldextran-Gd-DOTA (P717, 52000 Da).
A significant general decrease in extraction fraction was observed from measurement day 2 to 3 ( Fig. 8A) . This may be due to elevated interstitial pressure, which may have resulted in decreased extravasation of contrast agents from the tumor microvasculature (24) . Elevated interstitial pressure may also lead to reduced blood flow, which is consistent with the observed decrease in perfused tumor volume on measurement day 3 compared with day 1 (Fig. 7) (50) .
In addition, the washout rate constant of the G2 dendrimer and gadoterate was found to be significantly higher than that of the G5 dendrimer. The washout rate constant was essentially zero for the G5 dendrimer (Fig.  8B) . As can be observed from the uptake curves in Figure  5 , no clear washout could be observed for this high molecular weight agent. Therefore, washout rate constant estimates of the G5 dendrimer had a high uncertainty. This high uncertainty was also observed in the simulation results (Fig. 3) . However, undesirably long acquisition times would be required to fully sample G5 dendrimer washout.
The present study has a number of limitations. The AIF was determined with the previously described MCBE algorithm, which is able to determine the AIF shape from measured tissue concentrations curves (41). Schabel et al. (42) reported good agreement between MCBE based and measured AIFs. However, the scaling of the AIF has to be performed by a secondary measurement of the blood contrast agent concentration (41) . Absolute AIF scaling is known to be inherently difficult in mice. Because no animal-specific scaling of the AIF was performed in the present study, absolute pharmacokinetic parameter values could not be quantitatively compared with other studies. However, the in vivo differences in extraction fraction and rate constant between the different agents are consistent regardless of the bolus profile and AIF scaling, which would only affect absolute estimates of F and v b (16) . Increasing the temporal resolution of the dynamic acquisition and optimizing the flip angle to be optimally sensitive to the expected range of contrast agent concentrations in the plasma compartment and interstitial space might further improve measurement accuracy and AIF extraction by the MCBE algorithm (40) .
The multi-agent modeling approach uses the fact that a number of parameters can be constrained to be identical between the agents to obtain robust tracer-kinetic parameter estimates. Whereas this may be generally valid, it has been reported that tumors could display intermittent blood flow that can occur rapidly in independent single blood vessels, or regionally at cyclic time intervals (in the order of 15 min to over 1 h) (51) (52) (53) (54) (55) (56) . It is expected that blood flow fluctuations in single vessels have a minor effect in their contribution to the whole voxel signal intensity. High-frequency fluctuations (on time scales of seconds) will be mostly averaged out considering the 1.89 s acquisition time. However, regional blood flow fluctuations occurring at longer time scales could possibly be of influence on tracer-kinetic parameter estimations. However, in the vast majority of cases, the multi-agent modeling was able to fit all three boluses with a single flow value. If the voxel level flow values would vary strongly between the different boluses, good multi-agent model fits could not be obtained, and the accuracy in the estimated blood flow would be low. Because voxels with low blood flow fitting accuracy were excluded from further analysis, this limits the effect of strong blood flow fluctuations on the results. Nevertheless, in future studies, the total multi-agent acquisition time could be reduced to approximately 10 min in order to ensure that the constrained parameters are more constant during the DCE-MRI acquisition.
Extensive validation of the estimated tracer-kinetic parameters was beyond the scope of this study. Multiagent blood flow estimations could be validated with ultrahigh sensitive optical microangiography, which is a label-free optical imaging method that is able to measure microcirculatory blood flow via endogenous backscattered light from flowing red blood cells (57) . The mean capillary transit times could be validated with in vivo two-photon laser microscopy measurements of fluorescently labeled dextrans of comparable molecular weight (58) , or alternatively the contrast agents that were used in the multi-agent approach could be fluorescently labeled and tracked in vivo to assess the dynamics of the passing bolus in the tumor. In addition, this technique could be employed to assess differences in the extent of extravasation of the different contrast agents (58, 59) .
CONCLUSION
We have demonstrated a novel approach to tracer-kinetic modeling of macromolecular DCE-MRI data. Simulations showed that constrained multi-agent model regressions led to less uncertainty and bias in estimated tracerkinetic parameters in comparison with single-bolus modeling. The approach was successfully applied in vivo in a mouse tumor model and significant differences in extraction fraction, and washout rate constant between the different agents, dependent on their molecular weight, were consistently observed on the different measurement days. The in vivo results indicated that tumor blood flow could be separately determined from contrast agent-specific permeability and washout-related tracerkinetic parameters. It is expected that the multi-agent modeling approach can be applied to accurately evaluate treatment effects on different vascular biomarkers. In addition, by assessment of the differential leakage of the contrast agents of various molecular weight, the method may be able to predict the efficacy of nanomedicine delivery to the tumor (60).
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